ABSTRACT In this paper, we study energy-efficient precoding techniques in multiuser multiple-input single-output (MISO) visible light communication (VLC) systems. Under the dual constraints of illumination and communication, an optimal precoding design is proposed for a 4 × 2 multiuser MISO VLC system by utilizing the properties of Farey sequence in number theory. It is proved that the received signals constitute a sizeable pulse amplitude modulation constellation and thanks to this nice constellation structure, low-complexity maximum likelihood detection is admitted for signal detection. The simulation results indicate that our proposed optimal precoding design outperforms zero-forcing and time-division multiple access schemes.
I. INTRODUCTION
Recently, visible light communication (VLC) has drawn much attention [1] - [6] due to its advantages of low cost, high security, license-free operations and its potential of providing illumination as well as high speed data transmission simultaneously. However, due to the limited modulation bandwidth of the light-emitting diodes (LEDs), multiuser communication support for VLC systems has become a challenging topic. In a typical indoor scenario, VLC systems often utilize multiple LEDs to satisfy the requirement of illumination and support multiuser communication simultaneously, which forms a multiuser multi-input single output (MISO) VLC system [7] , [8] . Since each user with a single photodetector (PD) can receive the signals from multiple LEDs, multiuser interference arises, which may severely degrade the systems performance. Thus, for multiuser MISO VLC system, multiuser interference needs to be managed to achieve efficient and reliable communication.
Although multiuser interference management technologies have been widely studied in modern radio frequency (RF) systems, they cannot be directly applied to VLC system owing to the fact that 1) the transmitted signals in VLC systems must be nonnegative and real-valued whereas the transmitted signals in RF systems are bipolar and complex-valued 2) the transmitted signals in VLC systems are subject to optical power constraints instead of electronic power constraints in RF systems. Therefore, to satisfy the above requirements, some techniques such as time division multiple access (TDMA) and modified zero-forcing (ZF) precoding scheme have been proposed to manage the multiuser nonnegative interference for multiuser VLC systems [9] - [15] . In [9] , the authors applied linear zero forcing precoding and zero forcing dirty paper coding techniques to the multiuser MISO VLC systems. A precoding algorithm based on block diagonalization for multiuser VLC has been proposed in [10] . In [11] , joint precoder and equalizer design for VLC was studied. An optimal transceiver is designed under specific per-LED optical power constraints in [12] . In [14] , an optimal linear precoding was developed, which can solve the max-min signal-to-interference-noise ratio problem. As we know, how to look at the multiuser interference is a key issue of multiuser interference management. However, almost all the above schemes treated the signals of other users as detrimental factor when signal detecting at the receiver, which cannot ensure the energy-efficiency of multiuser VLC systems.
Motivated by the above-mentioned factors, in this paper, we propose an energy-efficient precoding strategy under the constraints of illumination to manage multiuser nonnegative interference by treating all the users' components as useful signal components, which is different from the traditional schemes of suppressing or eliminating multiuser interference. We jointly design all the users' signals to achieve reliable and efficient communication. For a 4 × 2 multiuser MISO VLC system, we obtain a closed-form solution for optimal precoding design by utilizing the properties of Farey sequence in number theory. By referring the structure of the optimal precoding matrix, we extend this special case to a general form for any transmitters and any users. It turns out that the resulting constellation at the receiver can be converted into an equally-spaced unipolar pulse amplitude modulation constellation and thus, we develop a low-complexity maximum likelihood (ML) detection algorithm for signal detection. Simulation results demonstrate that our proposed efficient precoding strategy can obtain a significant gain in BER performance compared to modified ZF strategy and TDMA strategy.
II. SYSTEM MODEL A. OPTICAL POWER CONSTRAINTS
As we know, the VLC systems are subject to dual constraints of reliable communication and comfortable illumination. Thus, in this paper, we consider the following three constraints on the transmitted signals [9] , [12] , [14] .
1) The transmitted signals must be nonnegative and real-valued. 2) To ensure the normal operation of the LEDs, i.e., ensure the LEDs work in their limited dynamic range, the transmitted signals must be lower than a value. 3) To ensure the comfortable illumination, the average power of the transmitted signals must be equal to a constant.
B. TRANSMITTER MODEL
As illustrated by Fig. 1 
with K i being 
Then, the signal transmitted by the n-th LED can be determined by
where w ni is the element of W in the n-th row and i-th column. Thus, we have that
To provide comfortable illumination, the average optical power of each LED is assumed to be equal to a constant, i.e., d n is a constant. Let p max denote the maximum peak power of the LEDs when working in the linear dynamic range. Then, due to the power constraints described in the previous subsection, the following should be satisfied.
After some manipulations of the above inequalities, the optical power constraints on the precoding matrix W can be represent by
C. RECEIVER MODEL
In VLC systems, since the diffuse links are much weaker than the line of sight (LOS) links [1] , [2] , [16] , the diffuse links can be ignored. Thus, we only consider LOS links between the transmitters and the receivers. Let h in denote the channel coefficient between the n-th LED and the i-th user. Then, h in can be formulated as
where φ in is the angle of irradiance respect to the n-th LED transmitter, ψ in is the angle of incidence with respect to the i-th user and d in denotes the distance between the n-th LED and the i-th user. In addition, represents the receiver's field of view angle, the parameter A denotes the effective area of the PD and τ = −ln2 ln(cos 1 2 ) with 1 2 being defined by the half-power angle of the LEDs. Since the channel coefficient h in is mainly determined by the relative position of the transceiver and the position of the transceiver is relative fixed in VLC system, h in can be easily obtained by channel estimation techniques [6] , [17] , [18] . Therefore, in this paper, VOLUME 7, 2019 we assume that the channel coefficients are fully available at the transmitters and the receivers.
Let
. . , h iN ] be defined by the channel vector for the i-th user. Then, after removing the DC offset d, the received signal y i at User i is given as follows.
where the noise n i (mainly constituted by the shot noise plus thermal noise) is approximately modeled as additive white Gaussian noise with zero mean and variance being σ 2 i [9] , [14] , [16] .
D. DETECTION CRITERION
In this paper, to improve the performance of the system, we treat all users' components as useful signal components. Then, our considered joint detection criterion can be stated as follows.
Criterion 1:
The receiver detection consists of the following two successive steps.
1) Maximum Likelihood (ML) Demodulation of Sum
Signal. Given the received signal y i defined in (6), the ML detection of g i = h i Ws from User i is given bŷ
2) Decoding of Each User's Message.
Let s i denote the estimate signal of s at User i. Then, the function of the decoder of User i is to determine s i from the optimal estimateĝ i . In this paper, we aim at developing an efficient interference-management strategy by optimally designing the precoding matrix W for this demodulation and decoding receiver.
III. PRECODING DESIGN AND JOINT DETECTION
In this section, we first formulate the problem of precoding design for multiuser MISO VLC system and then propose an optimal precoding design for our considered 4 × 2 MISO VLC system. Finally, for signal detection at the receiver, we develop a low complexity ML demodulation and decoding algorithm.
A. OPTIMAL PRECODING DESIGN
In this subsection, we design an optimal precoding matrix to improve the system's performance.
It is known that the error performance of ML detection is determined by the worst case minimum Euclidean distance of all users at the receiver. Therefore, the corresponding design problem can be formulated below. 
is maximized subject to the transmitted optical power constraints denoted by (4). As we can see, Problem 1 is essentially a max-min-min problem and it contains both continuous and discrete variables. It is challenging to attain a general closed-form solution for any M , N . Thus, as an initial exploration, we consider the case that M = 2, N = 4. Then, we have the following theorem.
Theorem 1 (Optimal Precoding Design): LetW be the optimal solution to Problem 1. Then, when M = 2, N = 4, W is determined by
On Theorem 1, whose proof is given in Appendix and we have the following remarks.
Remark 1: From Theorem 1, we can observe that the optimal precoding design is essentially a space-repetitions structure when each LED's DC offset is identical and in this case, space diversity gain can be obtained.
Remark 2: Without loss of generality, the following discussions are all intended for (8) 
. Then, we can get that the sum signal constitutes a 2 K 1 +K 2 -ary equally-spaced bipolar PAM constellation since
. Then, the received signal y i = h i Ws+n i at User i can be rewritten by y i =D i (s 1 + 2 K 1 s 2 ) + n i . Thus, fast ML detection can be utilized for this optimal precoding design.
Remark 3: Referring to the structure of optimal precoding matrix we designed in Theorem 1, for any N and M , we would like propose the following corollary.
Corollary 1: For any given N and M , the efficient precoding matrix for our considered system model is determined by
or
where
Since it is too difficult to demonstrate the optimality of the precoding matrix design we proposed in Corollary 1, in this paper, we will only show that it is more energy efficient than other schemes by simulations in Section IV.
Remark 4: As we can see, our proposed optimal precoding design is a closed-form solution and its complexity is much lower than traditionally used iterative algorithms.
Remark 5: Although our initial assumption for the channel model is perfect knowledge of the channel state information (CSI), our proposed optimal precoding design indicates that the CSI is not necessary for our considered MISO VLC systems.
B. JOINT DETECTION RECEIVER
In this subsection, we will provide a fast ML demodulation and decoding algorithm based on Criterion 1 for our proposed optimal precoding design.
According to Remark 2, we have
. Then, by calculation, we can obtain that (
. Thus, we have the following fast ML demodulation algorithm.
Algorithm 1 (Fast ML Demodulation of Sum Signal): Given the received signal y i denoted by (6), the optimal demodulation of the sum signal g i = h i Ws for User i is given bŷ
When the estimated sum signalĝ i has been obtained, we have the following algorithm for users to get the signal components they needed fromĝ i .
Algorithm (Fast Decoding of Each User's Signal):
Given the estimated sum signalĝ i , the estimation of s i at User i can be determined by
where s i1 , s i2 represent the estimation of s 1 , s 2 at User i respectively,
IV. SIMULATION RESULTS
The simulation results are shown in this section for evaluating the performance of our proposed optimal precoding design. We will examine the error performance of our proposed precoding design. As illustrated by Table 1 . The channel coefficients can be computed based on (5) and normalized by being divided by the maximum channel coefficient. We assume that σ 2 1 = σ 2 2 = . . . = σ 2 M = σ 2 and the SNR is defined by 1 σ 2 with normalized average optical power. In order to provide uniform illumination in the room, we assume that the average optical power of each LED is set to be identical and the transmitter In addition, without loss of generality, we assume that the maximum peak power of LEDs (i.e., p max ) is sufficiently high such
Then, the schemes to be compared are described as follows. 1) ZF [9] : We first consider K 1 = 1, K 2 = 2 and different location of the users to evaluate the error performance of different channel strength. The different coordinate pair (denoted by L 1 , L 2 , . . . , L 5 ) of the two users is given in Table 2 . Then, for fixed users' locations ((2.0 m, 2.0 m, 0.85 m), (2.0 m, 1.5 m, 0.85 m)), we simulate the three schemes' error performance for different K 1 , K 2 . In addition, for several fixed pair of K 1 , K 2 , we simulate the average BER performance of the three schemes. We assume that the users are randomly distributed on the Receiver Plane and we simulate 40 pairs of the users to investigate their average BER performance. The corresponding simulation results of the three conditions are Table 2 denote the different coordinate pair of the two users). illustrated by Fig. 2, Fig. 3 and Fig. 4 , respectively. From these figures, we can observe that our proposed OPD significantly outperforms ZF and TDMA. For example, when K 1 = 1, K 2 = 2 and the two users located at (2.0 m, 2.0 m, 0.85 m), (2.0 m, 1.5 m, 0.85 m), the obtained gain of our OPD over ZF and TDMA at the error rate of 10 −4 are 5 dB and 6.5 dB, respectively. Particularly, to evaluate the performance of our proposed scheme when two users obtain correlated channel responses, we choose a specific case that the two users have the same channel responses. The simulation results when the two users have the same coordinate are illustrated by Fig. 2 (case L 4 and L 5 ). Since ZF scheme cannot be applied to this case, we only compare our proposed scheme with TDMA. From Fig. 2 , we can observe that our proposed design significant outperforms TDMA scheme even if the users' channel responses are correlated. In addition, as illustrated by the three figures, the required SNR using our proposed OPD is smaller than using ZF and TDMA under same BER and modulation order. Thus, our proposed OPD is more energy efficient than ZF and TDMA. 
Further, we also examine the performance of the Theorem 1's extended scheme (i.e., Corollary 1) that we proposed for multiple users (> 2). For the scenarios of three users and four users, similar to the simulation of the two users' scenario, we simulate 40 groups of the users to investigate their average BER performance. The simulation results are given in Fig. 5 and from this figure, we can easily observe that our proposed scheme in Corollary 1 can obtain significant performance gains compared to ZF and TDMA schemes.
V. CONCLUSION
In this paper, we have proposed an optimal precoding design for a 4 × 2 multiuser MISO VLC system under the dual constraints of illumination and communication. It has been proved that the optimal constellation structure is a space-repetitions structure under uniform illumination constraint. In addition, by utilizing the optimal precoding design we developed, the received signals at the receiver constituted a sizeable PAM constellation and thus, fast ML demodulation and decoding algorithm is admitted. Comprehensive computer simulations have demonstrated that our proposed OPD has a better BER performance that ZF and TDMA. 
APPENDIX
where n = 1, 2, 3, 4.
Without loss of generality, we assume that the worst-case Euclidean distance is occurred at User 1. Then, (14) 
In the following, we utilize some properties of Farey sequence to attack the problem in (15) . According to [19] - [21] , we define a extended Farey sequence by F
) where
is the (k + 1)-th term of F
. Then, according to [20] and [21] , we have the following three propositions to solve our problem in (15) . are two successive terms of F ), k = 1, 2, . . . , C − 1. Then, we can get 1) If
2) If
), then 
where n = 1, 2, 3, 4. According to Proposition 3, we consider the following two cases to get the solution to the problem in (18).
1)
In this case, we have Combining the two cases, the optimal solution to the problem in (18) can be concluded as the following lemma.
Lemma 1: Let w k1 , w k2 denote the optimal solution to the problem in (18) andD k = d k | w 1 =w k1 ,w 2 =w k2 , k = 1, 2, . . . , C − 1. Then, we can obtain
,
where k = 1, 2, . . . , C − 1. VOLUME 7, 2019
